A depressurization accident is the design-basis accidents of a gas turbine high temperature reactor, GTHTR300, which is JAEA's design and one of the Very-High-Temperature Reactors (VHTR). When a primary pipe rupture accident occurs, air is expected to enter the reactor core from the breach and oxidize in-core graphite structures. Therefore, it is important to know a mixing process of different kinds of gases in the stable and unstable density stratified fluid layer. In order to predict or analyze the air ingress phenomena during the depressurization accident, we have conducted an experiment to obtain the mixing process of two component gases and the characteristics of natural circulation. The experimental apparatus consists of a storage tank and a reverse U-shaped vertical rectangular passage. One side wall of the high temperature side vertical passage is heated and the other side wall is cooled. The other experimental apparatus consists of a cylindrical double coaxial vessel and a horizontal double coaxial pipe. The outside of the double coaxial vessel is cooled and the inside is heated. The results obtained in this study are as follows. When the primary pipe is connected at the bottom of the reactor pressure vessel, onset time of natural circulation of air is affected by not only molecular diffusion but also localized natural convection. When the wall temperature difference is large, onset time of natural circulation of air is strongly affected by natural convection rather than molecular diffusion. When the primary pipe is connected at the side of the reactor pressure vessel, air will enter the bottom space in the reactor pressure vessel by counter-current flow at the coaxial double pipe break part immediately. Afterward, air will enter the reactor core by localized natural convection and molecular diffusion.
Introduction
One of the next-generation nuclear plants is a Very-HighTemperature Reactor (VHTR). The VHTR has strong interests of development worldwide. In addition to broad economical appeal resulting from unique high temperature capability, the reactor provides inherent and passive safety. The Japan Atomic Energy Agency (JAEA) has successfully built and operated the 30 MWt High Temperature engineering Test Reactor (HTTR) and is now pursuing design and commercial systems such as the 300 MWe Gas Turbine High Temperature Reactor 300 (GTHTR300). Also, in order to deploy a commercial Gas Turbine High Temperature Reactor 300 for Cogeneration (GTHTR300C) in around 2030, JAEA is now carrying out design study [1, 2] .
When a double coaxial pipe connecting a reactor and a Gas Turbine Generator (GTG) module breaks, air is expected to enter the reactor core from the breach. The depressurization accident is one of the design-basis accidents of the GTHTR300. When the depressurization accident occurs, air is expected to enter the reactor core from breach and oxidize in-core graphite structures. Air ingress process in the VHTR is known to follow two sequential phases. Density of the gas mixture in the reactor gradually increases as air enters by the molecular diffusion and natural convection of the gas mixture in the first stage of the accident. Finally, the second stage of the accident starts after the natural circulation of air occurs suddenly throughout the entire reactor. The natural circulation of air suddenly occurs as once sufficient buoyancy is established [3] . On the other hand, under specific boundary condition, the onset time for producing natural circulation is short [4, 5] .
A related study investigated the air ingress process and development of a passively safe technology to prevent air 2 Science and Technology of Nuclear Installations ingress. In order to clarify the safety characteristics of the GTHTR300C in a pipe rupture accident, a preliminary analysis of air ingress was performed [6] . The previous paper described the influence of local natural circulation in parallel channels on the air ingress process during a primary pipe rupture accident in the VHTR [7] . The duration of the first stage of the air ingress process was also discussed with analytical results of the reverse U-shaped passage with parallel channels.
During depressurization accident in the VHTR, localized natural convection will occur in the space between the reactor pressure vessel and the permanent reflector. The Grashof number in natural circulation flow is based on the density difference between hot and cold leg. The natural circulation flow rate is determined by the point where the buoyancy and the pressure loss of the flow path are balanced. For example, the range of Rayleigh number based on space width is about 0 < Ra d < 5.0×10
9 in the HTTR. Therefore, the amount of transported oxygen depends not only on molecular diffusion but also on natural convection, and it is important to know a mixing process of different kinds of gases in the stable or unstable stratified fluid layer. In particular, it is also important to examine the influence of localized natural convection and molecular diffusion on the mixing process from a safety viewpoint.
Previous studies focused mostly on molecular diffusion and natural circulation of the two-component gas mixture in a reverse U-shaped tube and in a simple test model of the HTTR [8] . In order to investigate the basic features of the flow behavior of multicomponent gas mixtures consisting of helium (He), nitrogen (N 2 ), oxygen (O 2 ), carbon dioxide (CO 2 ), carbon monoxide (CO), etc., experimental and numerical studies were performed to study the combined phenomena of molecular diffusion and natural circulation of the multicomponent gas mixtures along with the graphite oxidation reaction in a reverse U-shaped tube [9] . The numerical results were in good agreement with the experimental results in regard to the density change of the gas mixture, the molar fraction change of the gas species, and onset time of natural circulation of air. Furthermore, the objectives of these studies were to investigate the air ingress process and to develop a safe passive technology for the prevention of air ingress [3] . Recently, a density-gradient driven air ingress stratified flow was analyzed using CFD code for the Next-Generation Nuclear Plant (NGNP), which is a US designed VHTR [10] (Oh, et al., 2010) . Authors have reported on the mixing process of two component gases through natural convection and molecular diffusion in a stable stratified fluid layer [11] . According to the report, the mixing process through molecular diffusion in the vertical stratified fluid layer was significantly affected by the localized natural convection induced by a slight temperature difference between both vertical walls. The report described the process of air ingress during the first stage of a primary pipe rupture accident, and provided experimental results regarding the influence of localized natural circulation in the parallel channels on the air ingress process. Localized natural convection may affect the onset time of natural circulation [12] [13] [14] . In order to predict or analyze the air ingress phenomena during the depressurization accident in the VHTR, it is important to examine the influence of localized natural convection and molecular diffusion on the mixing process.
In general, mixing processes of two component gases in a vertical stable stratified fluid layer are governed by molecular diffusion. When a stable stratification is formed in a vertical slot with two component gases which have different densities, the rate of transportation will be different, as determined by mutual diffusion coefficient. On the other hand, it is expected that natural convection will occur in vertical slot when one sidewall is heated and the other sidewall is cooled. When a stable stratification is formed with the two component gases and two vertical parallel walls of the slot are kept at different temperature, the transport process of the gases becomes more complex. In this case, the heavy gas diffuses into the light gas. In addition to that these gases will also be transported by natural convection. Both phenomena may occur at the same time during the air ingress process of the depressurization accident. Molecular diffusion and natural convection will occur simultaneously in the annular passage between the inner barrel and the water-cooled jacket [3] . The range of the Rayleigh number base on the width of the annular passage is about 0 < Ra d < 3.26×10
5 and Ra d < 1.56×10 6 , respectively. The Rayleigh number based on the width of the annular passage of the HTTR or the GTHTR300C will be bigger than two digits of the Ra number based on the width of the simulated apparatus. Therefore, scaling analysis was carried out to find out which phenomena is dominant in the mixing process of two component gases in a vertical stable stratified fluid layer. In this study, we have carried out experiments and obtained the mixing process of two component gases and flow characteristics of localized natural convection. We also investigated the air ingress process when the horizontal double coaxial pipe ruptures.
Experiment on Two-Component Gas
Mixing Process of Reverse U-Shaped Vertical Rectangular Channel [15] (Tanaka . Figure 1 shows the schematic drawing of an experimental apparatus of vertical rectangular channel. The experimental apparatus consists of a reverse U-shaped vertical slot and a storage tank. One side slot consists of the heated and cooled walls. The other side slot consists of the two cooled walls. The dimensions of the vertical slots are 598 mm in height, 208 mm in depth, and 70 mm in width. Each two vertical slots were connected and were a reverse U-shaped passage. The dimensions of the connecting passage were 16 mm in height, 106 mm in depth, and 210 mm in length. The storage tank was connected to the lower part of the reverse U-shaped passage. The dimensions of the storage tank were 248 mm in height, 398 mm in depth, and 548 mm in width. The reverse U-shaped passage and the storage tank were separated by a partition plate. Figure 2 shows the high temperature side slot of the reverse U-shaped passage. A stainless sheath heater and a water cooling pipe made of copper were attached to the heated wall and the cooled wall, respectively. These walls were covered by an insulator which was 30 mm in thickness. The dimension of the heated walls was 500 mm in height and 200 mm in width. The dimension of the low temperature side slot was the same as the high temperature side slot. The distance between the heated wall and cooled wall has been set to 20 mm. The wall and gas temperature were measured by a K-type thermocouple. Considering the errors induced by the thermocouples, the scanner junction, and the DVM accuracy, the entire accuracy of the temperature measurement was within ±0.5 K. The temperature measurement position is provided in Table 1 and Figure 3. 
Experimental Apparatus

Experimental Method.
The experimental procedure is as follows. The partition plate between the reverse U-shaped passage and the storage tank is closed. The reverse U-shaped passage is filled with a lighter gas, which is helium for example, and the storage tank is filled with heavier gas, which is nitrogen, air, and argon for example. The one side of copper plate in the high temperature side slot is heated and the other side plate is cooled by water. As the copper plate was heated until set temperature, the gas pressure in the slots and the storage tank was kept at the atmospheric pressure. After confirming that the temperature of the various points in the apparatus reached the steady state condition, the partition plate was opened. The working fluids used five kinds of gases which are helium (He), nitrogen (N 2 ), argon (Ar), neon (Ne), and air (Air). The combinations of two component gases are set to He/Air, He/N 2 , Ne/Ar, and N 2 /Ar. The combinations of density ratios are 1.38/10, 1.43/10, 5/10, and 7/10. Temperature difference between the heated wall and cooled wall is set to 30, 50, and 70 K.
Experimental Results and Discussion. Figures 4 and 5
show the temperature result of He/N 2 experiment. The gas temperature change with time in the high temperature side slot is shown in Figure 4 . The gas temperature change with time in the low temperature side slot is shown in Figure 5 . The temperature difference between the heated wall and cooled wall was set to 70 K. 
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490mm (1) 440mm (2) 390mm (3) 340mm (4) 290mm (5) 240mm (6) 140mm (8) 90mm ( As shown in Figure 4 , the gas temperature fluctuates during the early stage of the experiment (within 50 min). It seems to be probable that localized natural convection produces in the high temperature side slot [16] . The gas temperature change at number (8) and (9) in the high temperature side slot was suddenly decreased at about 50 minutes after the start of the experiment (opening of the partition plate). On the other hand, the gas temperature change at number (23) in the low temperature side slot was suddenly increased at the same time. Such gas temperature change will be explained as follows. The density difference between the high temperature side slot and the low temperature side slot becomes small just after the start of the experiment. The heavy gas diffuses into both slots with elapsing time. Meantime, as shown in Figure 6 , the localized natural convection produces in the high temperature side slot. Therefore, the density difference between the high temperature side slot and the low temperature side slot will increase with elapsing time. Finally, as the buoyancy becomes increased enough, natural circulation through the reverse U-shaped passage produces suddenly. Thus, the gas temperature at the lower part of the high temperature side slot increases and the gas temperature at upper part of the low temperature side slot decreases just after the onset of natural circulation.
Rayleigh number, Grashof number, and Prandtl number are defined as the following equations: Table 2 shows the onset time of natural circulation under various experimental conditions. Table 3 shows the Rayleigh number based on the width of the high temperature side channel. As shown in Table 3 , it is possible that the flow regime of natural convection changes conduction regime to transition or boundary layer regime in the He/Air and He/N 2 experiment [17] . Therefore, not only molecular diffusion but also localized natural convection will affect the onset time of natural circulation. There is a mutual diffusion coefficient as an index characterizing molecular diffusion. D AB is the mutual diffusion coefficient of gas A in gas B. Gas A is heavy gas; gas B is light gas. D AB is obtained by literature [18] . Table 4 shows the mutual diffusion coefficient under the various experimental condition. Numbers in parentheses are the gas temperature in the high temperature side slot. It can be seen that the mutual diffusion coefficient of two component gases depends on the gas temperature in the high temperature side slot.
As shown in Table 2 , the onset time of natural circulation decreased with an increasing temperature difference for each combination of gases. The range of the Rayleigh number based on the width of the high temperature side slot is shown in Table 3 . The Rayleigh number increased with an increasing temperature difference. The influence of natural convection increased with an increase in the temperature difference between the heated and cooled walls. Thus, the onset time of natural circulation decreased. When the temperature difference was 30 and 50 K, the onset time of natural circulation decreased with an increase in the diffusion coefficient. However, the onset time of natural circulation for He/N 2 was shorter than that for He/Air regardless of the diffusion coefficient when the temperature difference was 70 K. The Rayleigh number for He/N 2 is larger than that for He/Air as shown in Table 3 . Therefore, the onset time of natural circulation depended more on molecular diffusion than the strength of localized natural convection when the temperature difference was small. On the other hand, the onset time of natural circulation depended not only on molecular diffusion but also on localized natural convection when the temperature difference was large. 
Experiment on Gas Mixing Process and Natural Circulation Flow at the Time of Horizontal Piping Rupture of Double Coaxial Cylinder
Experimental Apparatus.
The other experiment for a horizontal pipe break case is planned using apparatus which is shown in Figure 10 . Air ingress scenario in the case of the horizontal pipe break of the GTHTR300C is as follows. After the pipe ruptures, air will flow into the bottom part of the reactor pressure vessel by the counter-current flow. The density stratified fluid layer will be formed. Buoyancy will produce between the hot and cold legs. As the buoyancy will be small, the natural circulation flow will not produce under the condition of this density distribution. Thus, air will be transported to the reactor core by mainly molecular diffusion. However, from the results obtained in these experiment, air will be transported to the reactor core by the localized natural convection. In the configuration of the HTTR, a vertical channel existed between the reactor pressure vessel and the pipe rupture part. So, it needed much time to onset of natural circulation of air. In the configuration of the GTHTR300C, the vertical path does not exist between the reactor pressure vessel and the pipe rupture part. Therefore, air may be transported to the reactor core earlier. The onset time of the natural circulation of air and the amount of infiltrating air during the accident will be greatly affected by the produced position and strength of the localized natural convection in the pressure vessel. If the localized natural convection occurs inside the channel, it is difficult to estimate not only the density change of gas mixture but also the onset time of natural circulation through the reactor. Anyway, after the time elapses, the natural circulation may occur suddenly. In order to research the mixing process of two component gases when the horizontal primary pipe of the GTHTR300C is ruptured, experiment and analysis are planned. Figure 11 shows the schematic drawing of an experimental apparatus of double coaxial cylinder. The experimental apparatus consists of a double coaxial cylinder and horizontal A ball valve was installed in the inner pipe and the outer pipe of the horizontal double coaxial pipe. Four cartridge heaters were installed in the inner cylinder and heated. The standard of the cartridge heater is 300 mm in length, 12.8 mm in outer diameter, 170 mm in effective heating portion, rated voltage of 100 V, and rated capacity of 100 W. A water cooling jacket was inserted into the outer cylinder and cooled. In order to prevent heat radiation, a heat insulating material (round furnace, ceramic type) with a height of 200 mm and a thickness of 23.5 mm was installed on the inner cylinder. The top and bottom of the experimental apparatus were covered with a lid to close the apparatus. One port with an outer diameter of 6.35 mm was used as a gas supply port.
A K-type thermocouple was used for temperature measurement. The thermocouple installation positions are shown in Figures 12-14 and Table 5 . The temperature measurement error accuracy of this thermocouple is ± 1.5 K. The thermocouple was inserted through a pore of 1.2 mm in diameter of a compression fitting provided on the outer cylinder. Six thermocouples were installed at the 5 mm position from the outer cylinder (thermocouples numbers 1, 2, 7, 8, 13, and 14) . Six thermocouples were installed at the 16.5 mm position from the outer cylinder (thermocouples numbers 3, 4, 9, 10, 15, and 16). Six thermocouples were installed at the 28 mm position from the outer cylinder (thermocouples numbers 5, 6, 11, 12, 17, and 18) . A total of 18 thermocouples were installed and gas temperature changes in the outer channel were measured. In order to measure the gas temperature at the bottom of the experimental apparatus, 6 thermocouples were installed at 25 mm from the bottom of the apparatus (thermocouples numbers 21-26). In order to measure the gas temperature at the top of the experimental apparatus, 8 thermocouples were installed at 410 mm from the bottom of the apparatus (thermocouples numbers 31-38). Two thermocouples for cooling water temperature measurement were installed at the water cooling jacket entrance. Heater temperature was measured with builtin thermocouple.
For measurement of the gas concentration, an ultrasonic gas concentration meter was used. The gas concentration measurement positions are shown in Figures 12-14 and Table 6 . Gas was sampled with a microtube pump from the sampling port provided in the bottom part, upper part, and horizontal double coaxial pipe of the experiment apparatus, and the concentration was measured. A constant temperature type thermal anemometer was used to measure the gas flow velocity. Figure 12 and Table 7 show the measurement position of the gas flow velocity. The flow velocity was measured by attaching an anemometer to the valve installed on the horizontal dual coaxial tube.
Experimental Method.
Experimental procedure is as follows. The experimental apparatus is filled with helium gas. The inner cylinder is heated, and the outer cylinder is cooled by the water cooling jacket. After the heater temperature is reached at steady state, the valves attached to the horizontal double coaxial pipe are opened at the same time. During the experiment, the temperature and mole fraction of two component gases are measured. The flow velocity at the inlet and outlet of the horizontal double coaxial pipe is also measured. Heat input is 36 W (1.22 kW/m 2 ), 144 W (4.89 kW/m 2 ), and 324 W (11.0 kW/m 2 ). . Figures 15-17 show gas temperature changes under the condition of the heat input of 324 W. The horizontal axis shows the elapsed time and the vertical axis shows the gas temperature. Symbols show the gas temperature at the specific points (distance from the outer cylinder and the thermocouple number). As shown in Figure 15 , the gas temperature fluctuation near the inner cylinder is ± 2.0 K during the experiment. On the other hand, the gas temperature fluctuation near the outer cylinder is ± 0.5 K. Therefore, it was found that the temperature fluctuation increases from the outer cylinder toward the inner cylinder. In addition, the gas temperature difference between the vicinity of the inner and outer cylinder is about 15 to 30 K. From the results obtained, the localized natural convection will occur between the inner and outer cylinders. The gas temperature fluctuation near the wall can be seen when the natural convection produced in the vertical wall with different temperature. After starting the experiment, the gas temperature near the outer cylinder decreased. A temperature difference is generated between the Inner pipe flow channel of horizontal double coaxial pipe Table 7 : Positions of velocity measurement.
Preliminary Experimental Results and Discussion
Gas flow velocity in the experimental apparatus of double coaxial cylinder No.
Installation position of anemometer 1
Gas inlet and outlet of annular flow channel of horizontal double coaxial pipe 2
Gas inlet and outlet of inner pipe flow channel of horizontal double coaxial pipe gas temperature in the vicinity of the inner cylinder and the gas temperature in the vicinity of the outer cylinder. As shown in Figures 16 and 17 , however, the temperature fluctuation and the temperature difference decrease from the upper part to the lower part of the apparatus. Therefore, the strength of the localized natural convection generated between the inner and outer cylinders differs from the upper part to the lower part of the apparatus. Consider the change of the flow region of the convection in the apparatus. Table 8 shows the Rayleigh number of the side and top spaces in the apparatus. The equivalent diameter of the side space is the width between the inner diameter and the outer diameter of the coaxial double cylinder. The equivalent diameter of the top space is from the upper surface of the inner cylinder to the upper lid. Rayleigh number which is filled with helium becomes of minimum value and the Rayleigh number which is filled with air becomes of maximum value. This is because the density of air is about 7 times of the density of helium. When the apparatus is filled with helium, the Rayleigh number will be lower than 10 3 . Therefore, the region of the localized natural convection becomes conduction regime [17] . On the other hand, when the apparatus is filled with air, the Rayleigh number will exceed 10 4 . Therefore, the region of the localized natural convection becomes transition or boundary layer regime. Figure 18 shows the mole fraction change of air under the condition of the heat input of 324 W. The horizontal axis indicates the elapsed time after the valve opening. The measurement range of an ultrasonic concentration meter for helium gas is from 0 to 50%. Therefore, the solid lines show the mole fraction of air. Figure 19 shows the velocity at the outlet of the outer passage of the double coaxial pipe. From the results obtained in the experiment, air ingress process will be explained as follows. After the valve was opened, the mole fraction of air in the inner pipe of the horizontal double coaxial pipe increased sharply. Air flows into the cylinder from the inner pipe of the horizontal double coaxial pipe. On the other hand, air flows into the cylinder from the outer pipe of the horizontal double coaxial pipe by the counter-current flow. Helium which filled the bottom part of the cylinder will be released to the outside of the cylinder. This condition will be terminated immediately. The mole fraction of air in the outer pipe of the horizontal double coaxial pipe also increased from 0.5 to 0.6. During this time air will be diffused into the cylinder. Afterward the mole fraction change of air decreased and then it increased again. As shown in Figure 18 , the mole fraction change of air at the point of (15) decreased at about 20 minutes. Thus, the natural circulation will be generated through the cylinder. The mole fraction of air in the other measurement points increased from 0.5 to 0.6 during the period from 20 to 30 minutes after the valve was opened. As we measured the flow velocity at the outlet of the outer pipe of the double coaxial pipe, we obtained the velocity signal. The velocity 12 Science and Technology of Nuclear Installations fluctuated from 0.02 to 0.05 m/s just after the valve opened. Afterward the velocity was stable at 0.03 m/s after about 20 minutes. Finally, it increased to 0.04 m/s. Then, the very weak natural circulation of gas mixture will produce through the cylinder. Helium which filled the top of the cylinder will diffuse downward in the cylinder. Therefore, the mole fraction change in the various parts of the cylinder becomes complicated. We are now carrying out the measurement of 
Conclusions
We carried out experiments to investigate the mixing processes of two component gases. The conclusions are as follows. The onset time of natural circulation depended more on molecular diffusion than the strength of localized natural convection when the temperature difference was small. On the other hand, the onset time of natural circulation depended not only on molecular diffusion but also on localized natural convection when the temperature difference was large. When not only the localized natural convection but also natural circulation was produced, the onset time of natural circulation becomes short. Therefore, it is important to know whether the localized natural convection or circulation is produced.
After opening the valve of the horizontal double coaxial pipe, air enters the cylinder by a counter-current flow at the outer pipe of the double coaxial pipe. Helium gas which filled the bottom part of the cylinder will be released to the outside of the cylinder. This condition will be terminated immediately. Then, the very weak natural circulation of gas mixture will be produced through the cylinder. Helium gas which filled the top of the cylinder will diffuse downward in the cylinder.
These flow characteristics will be the same as those of phenomena generated in the passage between a permanent reflector and a pressure vessel wall of the VHTR. In order to confirm these results, we are planning to analyze the air ingress phenomena that occur during a depressurized accident in the GTHTR-300C system. In addition to that, we also are planning to carry out simulations for when the primary pipe of the GTHTR-300C ruptures.
There is no limitation to the use of the experimental data described in this paper. 
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